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1. Introduction
Perovskite solar cells (PSCs) have been emerging as a breakthrough

photovoltaic technology, holding unprecedented promise for low-cost,
high-efficiency renewable electricity generation. However, potential toxicity
associated with the state-of-the-art lead-containing PSCs has become a
major concern. The past research in the development of lead-free PSCs has
met with mixed success. Herein, the promise of coarse-grained B-y-CsSnl;

The unprecedented promise of high power
conversion efficiency (PCE) and low-cost
photovoltaics (PVs) has been the motivation
behind the enormous interest in perovskite
solar cells (PSCs).'"® Halide perovskite
materials that are adopted as light absorbers

in PSCs have outstanding optoelectronic
properties, such as high absorption coeffi-
cient, long-range charge diffusion lengths,
low exciton binding energies, high car-
rier mobilities, and suitable bandgaps.l'™*
Halide perovskites are a family of mate-
rials with chemical formula ABXj;, where
A is a monovalent cation, B is a divalent
metal cation, and X is a halide anion. To
date, most studies have focused on using
hybrid organic-inorganic halide perovskites,
in particular methylammonium lead tri-
iodide (MAPDI;) and formamidinium lead
trilodide (FAPDI;), as light absorbers in
PSCs, where high PCEs have been achieved
through the optimization of cell architec-
tures and structures of the perovskite absorber layers.l'"®! How-
ever, there are some intrinsic issues associated with the use of the
MAPbDI; or FAPbI; perovskite. First, a large portion (=35 wt%) of
the MAPDI; or FAPDI; is lead (Pb). The use of lead-containing
substances in electronic devices is severely restricted by the Euro-
pean Union and other countries, motivating the development
of lead-free PSCs.2l One of the most feasible replacements for
Pb in the perovskite structure is its elemental analog — tin (Sn),
and, thus, MASnI;"] and FASnI;® have been studied in PSC
applications. Second, it has been suggested that the fragmenta-
tion of the organic component (e.g., MA* or FA*) in those hybrid
perovskites may make them intrinsically unstable for long-term
outdoor applications of PSCs.>!% Several recent studies have
revealed that the substitution of the organic cation by cesium (Cs)
in the perovskite structure significantly enhances the thermal
stability.!112] Tn this context, the studies by Chung et al.!34 and
some of us®® have showed that the all-inorganic CsSnl; perovs-
kite has a melting point of 451 °C, and it can be synthesized via
melting-solidification, implying superior intrinsic thermal sta-
bility. By contrast, the halide perovskite analogs of MASnlI; and
FASnl; perovskites start to decompose at =200 °C.1 The afore-
mentioned considerations provide the rationale for the investiga-
tion of CsSnl; material as a promising thermally stable, lead-free
perovskite for next generation PSCs.

perovskite thin films as light absorber for efficient lead-free PSCs is dem-
onstrated. Thermally-driven solid-state coarsening of B-}-CsSnl; perovskite
grains employed here is accompanied by an increase of tin-vacancy concen-
tration in their crystal structure, as supported by first-principles calculations.
The optimal device architecture for the efficient photovoltaic operation of
these B-}-CsSnl; thin films is identified through exploration of several device
architectures. Via modulation of the B-}-CsSnl; grain coarsening, together
with the use of the optimal PSC architecture, planar heterojunction-depleted
B-%-CsSnl; PSCs with power conversion efficiency up to 3.31% are achieved
without the use of any additives. The demonstrated strategies provide guide-
lines and prospects for developing future high-performance lead-free PVs.
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Figure 1. A) Schematic representation of the one-step solution fabrication of B--CsSnl; thin films. B) Schematic representation of the grain-coarsening
driven morphology evolution of as-deposited B-y-CsSnl; thin film with increasing heat-treatment temperature.

CsSnl; has two polymorphs at cell-operating temperatures
(20-100 °C): the desirable ‘black’ B-}-CsSnl; phase and the
undesirable ‘yellow’ Y-CsSnl; phase in the context of solar
cell application.® The B-y-CsSnl; phase has been studied
comprehensively, and it has been shown to possess favorable
properties for solar cell application. These include a direct
band gap of =1.3 eV,!*1 high optical absorption coefficient
(=10* cm™),"”] low exciton binding energy (10-20 meV),!'8l
and high charge-carrier mobility (up to =585 cm? V-1 s7! for
holes).l'¥l However, there have been only a handful of reports
that have used B-y-CsSnlj; as light absorber in solar cells, but
with mixed success,®?! highlighting the challenges involved
in the development of B-y-CsSnl; based PSCs. First, the quality
(purity, microstructural morphology, etc.) of the as-fabricated
B-7-CsSnl; absorber layer has been rarely assessed in the lit-
erature. In particular, solution crystallization of B-%-CsSnl;
can be sensitive to the preparation methods/conditions,[315:21]
and it can be accompanied by the formation of the undesir-
able Y-CsSnl; polymorph,!3l and its degradation product
Cs,Snl¢.2223 Second, Sn vacancies (Vs,) exhibit intrinsic low
formation-energies in the B-3CsSnl; structure, resulting in
‘metallic’ B-y-CsSnl;.["3 Thus, the control of Vg, concentration
in the structure for the operation of the B-y-CsSnl; in PSCs
has been suggested as being critical.’! Third, there is a pau-
city of studies in the literature about the understanding of the
physics of B-3-CsSnl;-based solar cell devices. To address these
challenges, in this work we have developed a simple solution-
deposition-based method to make uniform, coarse-grained
B-%CsSnlj; thin films, and at the same time explored different
feasible solar cell architectures to enhance the performance of
B-7CsSnls-based PSCs. As a result, a novel heterojunction-
depleted PSC, employing the as-fabricated phase-pure, coarse-
grained B-)-CsSnl; thin film, is demonstrated with PCE up to
3.31%.
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2. Results and Discussion

The solution deposition of B-y-CsSnl; thin films is based on
the classic ‘one-step’ spin-coating process, as illustrated in
Figure 1A. A 20 wit% precursor solution was prepared by dis-
solving in-house prepared high quality B-3CsSnl; feedstock
(using a method reported elsewherel’)) in a mixed polar sol-
vent. The solution was then spin-coated on the substrate at
6000 rpm for 20 s. A dark-brown, smooth solid thin film gradu-
ally evolved during the spinning process. The cross-sectional
scanning electron microscope (SEM) micrograph in Figure S1
(Supporting Information) shows that a full-coverage B-3-CsSnl;
film of =120 nm thickness forms on the substrate. This could be
the result of rapid nucleation and growth of B-y-CsSnl; induced
by the supersaturation of the precursor solution by rapid evapo-
ration and/or centrifugal force.? The as-formed B-y-CsSnl;
thin film from the room-temperature (RT) solution crystalliza-
tion process is expected to exhibit a fine-grain structure, similar
to RT-crystallized hybrid perovskites.?**"I Since B-1-CsSnl; is
expected to be thermally stable compared to hybrid perovskites,?!
the as-deposited films were subsequently post-annealed at dif-
ferent temperatures over a relatively wide range (100, 150, 200,
250, and 300 °C) for 2 min to coarsen the grains. As depicted
in Figure 1B, the as-crystallized polycrystalline B-y-CsSnl; thin
films (Film I in Figure 1B) after spin-coating are expected to
contain fine grains. With increasing temperature, the grains are
expected to coarsen and span the film thickness in the final B-y
CsSnlj thin films (Films IT and 11T in Figure 1B).[2+28]

Figure 2A-F is top-view SEM micrographs showing the
microstructures of B-yCsSnl; thin films without annealing,
and those annealed at different annealing temperatures (100,
150, 200, 250, and 300 °C). The coarsening of the grains with
increasing annealing temperature is clearly observed. The
average grain sizes were determined by image analysis using at

Adv. Energy Mater. 2016, 1601130
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Figure 2. SEM micrographs (top view) of the B-3-CsSnl; thin films annealed at different temperatures for 2 min. A) as-deposited, B) 100 °C, C) 150 °C,
D) 200 °C, E) 250 °C, and F) 300 °C. G) Average grain size of the B-y-CsSnl; thin films with increasing annealing temperature.

least 50 grains per measurement, which are plotted in Figure 2G.
(The grain size distributions in each film are reported in Fig-
ures S3, Supporting Information.) The as-deposited B-y-CsSnl;
thin film is composed of nanoscaled ‘grains.” The apparent
average size of the grains is =50 nm, but the ‘grains’ may con-
tain even smaller subgrains, which are difficult to resolve in the
SEM. After annealing at 100 °C, the average grain size increases
to =100 nm. When the annealing temperature is elevated to
150 °C, flat polygonal grains with triple junction grain bounda-
ries become a predominant microstructural feature in the films,
showing close-packing of B-y-CsSnl; grains with =350 nm size.
Such feature becomes even more evident with further increase
in the annealing temperatures (200 and 250 °C), where the
average grain size reaches =720 nm after annealing at 250 °C.

Adv. Energy Mater. 2016, 1601130
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The grain coarsening appears to stall beyond this annealing
temperature, which may be restricted by the vertical dimen-
sion of the film.?") Meanwhile, some of curved grain edges
are developed, which is presumably related to the preferential
structural reconstruction of B-yCsSnl; at such high annealing
temperature. Overall, more pronounced grain-boundary
grooves are observed with increasing annealing temperature,
which is the result of preferential diffusion of matter away from
the region where the grain boundaries intersect the surface (so-
called ‘solid-state dewetting’).2% These features do increase the
roughness of the films (see the atomic force microscope rough-
ness measurement results in Figure S4, Supporting Informa-
tion). While those films annealed below 200 °C show nearly full
coverage (see lower-magnification SEM images in Figure S2,
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Figure 3. A) Experimental XRD pattern of as-deposited B-)-CsSnl; perovskite thin film. B) Experimental XRD patterns (in 28°~30° 20 range) of B-y
CsSnl; perovskite thin film annealed at different temperatures (2 min). C) Simulated XRD patterns of B-y-CsSnl; perovskite thin film with different Sn
vacancies in the crystal structure. D) Schematic illustration of the crystal structure of B-)-CsSnl; containing Sn vacancies.

Supporting Information), microdefects (e.g., pinholes) become
more numerous with increasing annealing temperature beyond
200 °C, as shown in Figure 2E-F. Since the film thickness is
=120 nm, the grain coarsening in these films is essentially 2D,
where the substrate and the grain-boundary grooves can play
important roles.[2429]

Figure 3A shows indexed X-ray diffraction (XRD) pattern of
the as-spin-coated B-3-CsSnl; perovskite thin film. The phase
purity of the B-y-CsSnl; perovskite is confirmed. Due to the
nanoscale nature of the as-crystallized B-y-CsSnl; thin films, the
040 and 202 reflections are broadened and appear to overlap.
Fit of the XRD pattern (in Figure S5A, Supporting Information)
shows a full width at half maximum of 0.33° for the 202 reflec-
tion. Using the Scherer equation,?!! the average grain size is
estimated at =30 nm, which is consistent with the SEM observa-
tions and also our previous report on room-temperature solu-
tion crystallization of B-yCsSnlI3.[""] With increasing annealing
temperature, the XRD peaks become more intense, which indi-
cates the increase of the crystallinity of the B-yCsSnl; phases.
This is consistent with the SEM observation in Figure 2. Note
that the grain sizes (>100 nm) of the films annealed at 100, 150,
200, 250, and 300 °C are beyond the validity of the Scherer equa-
tion for reliable estimation of the grain size. It is also interesting
that there are noticeable changes in diffraction peak characteris-
tics besides the intensities. It is apparent that the ratio of inten-
sities of 202 and 040 peaks decreases with increasing annealing
temperature (Figures S5 and S6, Supporting Information). A

wileyonlinelibrary.com
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plausible explanation for this observation is as follows. The rela-
tive intensities of the XRD peaks are obtained using the equa-

. 1+cos’20
tion I=|F| p| ———
0 |Fl p[sinze cosf

J, where F is the structure factor and p is
the multiplicity factor.??l Considering the low formation energy
of Sn vacancies (Vs,),I'*! we hypothesize that the propensity for
the formation of Vg, increases with increasing annealing tem-
peratures, which is expected to result in a change in the multi-
plicity factor p. However, since there is no second-phase forma-
tion, F is expected to change only negligibly. In order to support
this hypothesis, density function theory (DFT) calculations were
performed. B-y-CsSnl; crystal models with different Vs, concen-
trations, ¢(Vs,), were built (see Figure 3D). The modeling results
confirm that the generation of Vg, in the crystal structure does
not result in the formation of new second phases, and, thus,
the small change in F is confirmed to have a negligible effect
on the calculated XRD intensities. The theoretically calculated
XRD patterns for B-y-CsSnl; with different ¢(Vs,) are plotted in
Figure 3C. Analogous to the effect of increasing annealing tem-
perature on the experimental XRD patterns in Figure 3B, when
¢(Vsn) increases, the frontal peak (at 26 = 28.6°) vanishes gradu-
ally, and the overall pattern in the range 26 28.0° to 30.0° evolves
with a single-peak characteristic. This result is consistent with,
and supports, the hypothesis that the annealing temperature
affects not only the grain morphology of the thin films but
also ¢(Vs,) in the B-CsSnlj thin films. This is in fact in good
agreement with the results reported by Chung et al.l'3] where

Adv. Energy Mater. 2016, 1601130
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they suggest that higher heat-treatment temperature activates
the generation of Vg, and results in the continuous increase in
the ‘metallicity’ of B-y-CsSnl;.13]

Since there is a dearth of studies on B-y-CsSnls-based PSCs,
different PSC architectures, which are typically employed in
the context of hybrid perovskite absorbers,[!l are explored with
B-y-CsSnl; as the light-absorbing material. The device struc-
ture exploration ‘roadmap’ is shown in Figure 4A. Initially, the
regular mesoscopic-solar-cell architecture (device structure I)
is adopted. Thin films of mesoporous TiO, (with compact TiO,
blocking layer underneath) and Spiro-OMeTAD molecules are
used as electron-transporting layer (ETL) and hole-transporting
layer (HTL), respectively. (The corresponding energy level
alighment diagram is shown in Figure 4B.) The B-%-CsSnl;
layer is deposited using the ‘one-step’ solution process fol-
lowed by annealing at 100 °C, as described above. Almost null
photovoltaic response is observed in such B-y-CsSnls-based
PSC (device structure I), as seen in Figure 4C. In this context,
insulating mesoporous Al,O; scaffold is used to replace the
mesoporous TiO,, where a typical mesosuperstructured solar
cell (device structure II) is fabricated. As a result, a modest PCE
of =0.32% is achieved, with short-circuit current density (Jsc)
of 3.07 mA cm™, an open-circuit voltage (Voc) of 0.40 V, and a
fill factor (FF) of 0.261. The enhanced Vo may originate from
significantly reduced possibility of direct contact between TiO,
and Spiro-OMeTAD as a result of the insulating nature of the
scaffold. The possible direct contact between TiO, and Spiro-
OMeTAD can be originated from nonuniform infiltration/
coverage of CsSnl; perovskite upon the mesoporous scaffold as
shown in Figure S7 (Supporting Information). Nevertheless, the
Jsc is still quite low considering the strong absorption charac-
teristic of the narrow-bandgap (=1.3 eV) B-y-CsSnl; perovskite.
This indicates that severe recombination must be occurring,
which can be attributed to the following. (i) It is possible that

www.advenergymat.de

the crystallinity of the B-y-CsSnl; perovskite is low due to the
constrained crystallization environment in the mesopores of the
TiO, or Al,O; scaffolds,?*3* which is supported by the careful
XRD analysis presented in Figure S8 (Supporting Information).
This creates abundant defect states that can serve as recombi-
nation centers in the B-y-CsSnl; perovskite. (ii) ‘One-step’ solu-
tion-deposited B-y-CsSnl; perovskite upon high-surface-area
mesoporous scaffolds invariably introduces nonideal solid—solid
interfaces between the perovskite and the scaffold material due
to the inherent difficulty in controlling the crystallization pro-
cess and the limitation on the solution concentration that can
be used. (iii) We suspect that low-crystallinity impurities, such
as Y-CsSnl; and Cs,Snlg, might exist in the as-crystallized B-y
CsSnl; thin films upon mesoporous scaffolds, which is under
investigation. In order to address these issues, planar hetero-
junction PSCs (device structure III), in which a phase-pure B-y
CsSnlj; layer with better crystallinity is employed, resulting in an
enhanced PCE of 0.77% (Voc : 0.48 V; Jsc : 8.11 mA cm™%; FF :
0.198). These results suggest that grain morphology and purity
can be the most important factors affecting the performance of
B-y-CsSnl; in PSCs. However, the planar heterojunction PSC
still exhibits a very low FF. Considering that the Spiro-OMeTAD
layer that is used in this device is undoped, the observed low
FF is consistent with the J-V behavior of PSCs using undoped
Spiro-OMeTAD as the HTL reported in the literature.* This
is primarily due to the low conductivity of undoped Spiro-
OMeTAD, which limits the charge transport in the HTL and
restricts the corresponding PSC performance. Note that the nec-
essary oxidation step needed to achieve high-performance hole-
transporting doped Spiro-OMeTAD layer®® was not performed
here because that heat-treatment invariably degrades the B-y-
CsSnl; perovskite.

To overcome these issues with the use of Spiro-OMeTAD in
the B-3-CsSnls-based PSCs, a compact p-type nickel oxide (NiO,)

A\yA « A

Device Structure |
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Figure 4. A) Solar cell device architecture ‘roadmap’ for using B-y-CsSnl; as light absorber, and B) energy level diagram of device used in this work. C) J-V
responses from the corresponding devices. The J-V performance parameters extracted from (C) are included in Table ST (Supporting Information).
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Figure 5. A) Scheme of the ‘inverted’ structure planar B-y-CsSnl; PSC device employing NiO, as HTL and PCBM as ETL, and B) corresponding energy
level diagram (the dashed line indicates NiO, work function). J-V performance of ‘inverted’ planar PSCs with B-%-CsSnl; thin films under standard AM

1.5G one sun illumination: C) annealed at different temperatures and D) d

ifferent film thicknesses. E) -V performance of the ‘champion’ B-}-CsSnl;

PSC (150 °C film annealing temperature, =120 nm film thickness), and F) the corresponding EQE spectrum. The J-V performance parameters extracted
from the (C), (D), and (E) are included in Table S1 (Supporting Information).

HTL is employed, and an inverted PSC structure (device struc-
ture IV) is adopted with solution-processed phenyl-C61-butyric
acid methyl ester (PCBM) serving as the ETL (Figure 5A). The
deposition procedure of the high-quality pinhole-free NiO,
layer is described in the Supporting Information. A UV-ozone
treatment is followed after the NiO, deposition. The resultant
NiO, layer has a work function of about —4.8 eV (see the energy
level alignment of device structure IV in Figure 5B),*”) which
is energetically favorable for hole transport. As a result, this
device demonstrates a significantly enhanced PCE of 2.61%
(Voc : 0.52'V; Jsc : 8.39 mA cm™%; FF : 0.598). The Jsc and FF
of this NiO, /perovskite/PCBM device are obviously higher than
those of the TiO,/perovskite/Spiro-OMeTAD device, which is
associated with alleviation of the aforementioned HTL issue.
Since the post-annealing condition has an important effect
on the microstructural characteristics of the B-3CsSnl;

wileyonlinelibrary.com © 2016 WILEY-VCH

perovskite thin films, the typical J-V performances of the
PSCs based on the nondeposited and annealed perovskite
films are compared in Figure 5C. The optimal PCE of 3.00%
(Voc : 0.52V; Jsc @ 9.52 mA cm™%; FF : 0.606) is achieved in
the PSCs based on the film annealed at 150 °C. For the devices
fabricated with milder annealing conditions (RT and 100 °C),
the PCE values are 2.35% and 2.61%, respectively. The low
Jsc values of the PSCs with films that are not annealed, or
annealed at low temperatures, contribute significantly to their
low PCEs. This is consistent with the fact that the abundant
grain boundaries contained in these fine-grained B-y-CsSnl;
thin films can contribute to significant electron-hole recombi-
nation. However, an increase in the film annealing tempera-
ture results in the notable drop in V¢ and Jsc values, and only
1.51% PCE (Voc : 0.50 V; Jsc @ 6.32 mA cm™%; FF : 0.478) is
reported in the PSCs with annealing temperature of 300 °C.

Verlag GmbH & Co. KGaA, Weinheim Adv. Energy Mater. 2016, 1601130
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Figure 6. A) Reflective index (n) and extinction coefficient (k) of the B-y-CsSnl; thin film sample in the wavelength range 400-1000 nm. B) Simulated
band gap characteristics with short-circuit condition across all regions of B-y-CsSnls-based PSC under standard AM 1.5G one sun illumination. QF,,
QFy, Ecg, and Eyp stand for quasi-Fermi level of electron and hole, and edge-energy of conduction band and valence band, respectively. C) Carrier den-
sity profiles of B-)-CsSnls-based PSC. The short dashed lines in (B) and (C) indicate the locations of the interfaces in NiO,/B-%CsSnl;/PCBM device.

This may be associated with the following two effects. (i) The
roughness of the B-y-CsSnl; film increases due to the grain
coarsening process, as discussed in the context of Figure 2.
(ii) The higher annealing temperatures result in an increase
of ¢(Vsy). This has a detrimental effect on the PV performance
because the high concentration of holes associated with the
high ¢(Vs,) in the B-y-CsSnlj; reduces the carrier lifetime of the
photogenerated electrons, which is particularly unfavorable in
the operation of a planar heterojunction solar cell. In this con-
text, a combination of large grain size, high film smoothness,
and moderate Vg, generation can be responsible for the best
performance of PSCs using the B-y-CsSnlj; thin films annealed
at 150 °C.

The effect of the perovskite film thickness on the PSC per-
formance is further investigated. The results shown in the
Figure 5D indicate that the PCE drops when the film thick-
ness is reduced to =60 nm or increased to =260 nm. While the
relatively poorer performance at 60 nm film thickness can be
due to the reduced light absorption, the device with thicker
films sustains a substantial drop in FF, and correspondingly
PCE, regardless of the enhanced absorption. The UV-vis
absorption spectra of the =60, =120, and =260 nm thick films
of B-y-CsSnl; are compared in Figure S9 (Supporting Infor-
mation). These results highlight the critical role of B-y-CsSnl;
film thickness on the photovoltaic performance. Figure 5E
and 5F plots the J-V response and the external quantum effi-
ciency (EQE) spectrum, respectively, of the ‘champion’ PSC
based on a coarse-grained B-3-CsSnl; thin film annealed at
150 °C. A PCE of 3.31% was achieved with V¢ of 0.52 V,
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Jsc of 10.21 mA cm™2, and FF of 0.625. These performance
parameters are the best to-date in the literature for PSCs
employing B-%-CsSnl; as the light absorber.['9-21:38] Note that
previously reported PCEs of B-y-CsSnl;-based PSCs without
additives are less than 1%.

To understand qualitatively the photovoltaic features in
the ‘champion’ B-y-CsSnls-based planar-heterojunction PSC,
the optoelectronic simulation of the device using the APSYS
software package is performed. First, the optical constants
including refractive index (n) and extinction coefficients (k) of
the B-y-CsSnl; thin film are measured by spectroscopic ellip-
sometry, combining transmittance, and near-normal incidence
reflectance. In Figure 6A, the curve of the dimensionless k has
a trend similar to that of the optical absorption profile, and
the value of n varies from 2.5 to 3.3 in the range wavelength
400-900 nm. Based on the reported parameters as listed in
Table S1 (Supporting Information), the band diagram of the
device is shown in Figure 6B, where a flat-band condition is
reached for efficient photogenerated charge-carrier separation
under simulated standard AM 1.5G one-sun (100 mw cm™)
illumination. Also note that the physical parameters in the real
device may have some differences. This flat-band characteristic
indicates, in this situation, that the B-yCsSnl; absorber layer
is fully depleted, which allows efficient charge collection at the
ETL/absorber or HTL/absorber interfaces driven by the built-in
electrical field. By contrast, for a device employing a thick B-y
CsSnl; absorber layer, field-free regions exist, where the charge
carriers would tend to recombine. Figure 6C shows the car-
rier concentration profile in such a device. Our results clearly
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indicate that the photoactive region is almost fully depleted,
which assists in the conduction of the photogenerated charge
carriers to their respective electrodes. Slight asymmetry in
carrier concentration is observed owing to the different mate-
rial-based charge extraction electrodes with asymmetric band
alignment in relation to the B-y-CsSnl; absorber. Note that the
light-induced charge carrier densities for the B-y~CsSnl; solar
cell are still relatively low, which is consistent with the low
Jsc obtained in the corresponding J-V curves in Figure 5. In
this context, further optimization of composition, defects, and
microstructural characteristics in the B-pCsSnl; may lead
to further enhancements in the performance in the resultant
heterojunction-depleted PSCs.

3. Conclusions

We report a simple solution method for the deposition of B-y-
CsSnl; perovskite thin films, and the controlled coarsening
of the grains using different annealing temperatures. Hetero-
junction-depleted lead-free PSCs using these thin films as light
absorber are successfully demonstrated. Here, a NiO, HTL,
with energetically favorable band alignments, is used to resolve
the issue of the incompatibility of organic HTL, resulting in
PCE as high as 3.31% in this novel PSC structure. Our results
indicate that the rational design/control of the solar cell archi-
tecture and the B-1CsSnl; perovskite microstructures are
important for the further development of high-performance
lead-free PSCs.

4. Experimental Section

Synthesis of B-y-CsSnl; Materials and Films: The B-yCsSnl; raw
material was synthesized by melting it in evacuated tubes. Here,
appropriate amounts of Snl, (Alfa Aesar, USA) and Csl (Sigma-Ardrich,
USA) were mixed and placed in pyrex tubes. The tubes were then
evacuated to 1 x 107® Torr vacuum and sealed using an oxy-methane
torch. The evacuated tubes were then placed in a tube furnace and
heated to 550 °C (above the melting point of CsSnl; of 435 °C) and
held for 6 h, followed by slow cooling at a rate of 20 °C h™! to room
temperature. The tubes were opened in a glovebox, and the ‘black’ B-y-
CsSnl; was added to a mixed polar organic solvent resulting in a clear
yellow solution. The solvent consists of a mixture of methoxyactonitrile
(Tokyo Chemical, Japan), dimethylformamide (Sigma-Ardrich, USA),
and acetonitrile (Fisher Scientific, USA) in 1:3:2 volumetric proportion,
respectively. This solution was then used for the solution-processing of
B-%-CsSnl; perovskite thin films. The thickness of the B-3-CsSnl; thin
films can be easily adjusted by controlling the solution concentration
and the spin-coating conditions. Typically, to obtain B-y-CsSnl; thin
films with a thickness of =120 nm, as-prepared B-}-CsSnl; solution
with concentration of 20 wt% was spin-coated on the substrate at
6000 rpm for 20 s. The as-deposited B-y-CsSnls thin films were annealed
at different temperatures (100, 150, 200, 250, and 300 °C) for 2 min
before the next steps.

Characterization: XRD patterns were obtained using Cu Ky, radiation
(A = 0.15406 nm) with a step scan of 0.02° on an X-ray diffractometer
(Bruker D8-advance, Karlsruhe, Germany). The XRD instrumental
broadening was calibrated using LaBg standard sample, which was
considered in the application of the Scherer equation. The morphologies
of thin films were characterized using a scanning electron microscope
(SEM; LEO 1530VP, Carl Zeiss, Germany). For the XRD and SEM
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studies, the substrate used was fluorinated-tin-oxide-coated glass. The
local roughness of the thin films was characterized using a conventional
atomic force microscope (MFP-3D Origin, Asylum Research, USA).
Optical absorption spectra were collected using a UV-Vis-NIR
spectrophotometer (UV-1800, Shimadzu, Japan). Photoluminescence
spectra were recorded on a fluorescence spectrophotometer (RF-5301PC,
Shimadzu, Japan), where the excited wavelength was 600 nm. Reflective
index and extinction coefficient were measured using a spectroscopic
ellipsometry (VB250, J. A. Woollam, USA). Quartz substrates were used
for all the optical measurements.

Device Fabrication and Testing: The prepatterned indium-tin-oxide
(ITO)-coated glass substrates (sheet resistance of 15 Q sq~!, Lumtec,
Taiwan) were cleaned ultrasonically with Alconox (detergent) solution,
followed by sonication in the sequence: deionized water, acetone, and
isopropyl alcohol, for 15 min each, and then the substrates were dried
using blowing nitrogen gas. The ITO-coated glass substrates were then
UV-ozone treated for 20 min prior to the deposition of the other layers.
For the regular-structure solar cells, compact TiO, ETL or compact TiO,/
mesoporous TiO, or compact TiO,/mesoporous Al,O; layers were then
deposited. (The detailed procedure for deposition of these layers is
included in the Supporting Information.) The B-}-CsSnls thin films were
then deposited. The B-}-CsSnl; solution was heated with continuous
stirring at 60 °C overnight in a glovebox (O, < 0.5 ppm, H,O < 0.5 ppm)
prior to deposition. Sequentially, a Spiro-OMeTAD HTL was cast by
spin-coating its solution (100 mg mL™ in chlorobenzene) at 3000 rpm
for 60 s. Note that additives like Li(CF3SO,),N and 4-tert-butylpyridine
(tBP) were not, as noted in the main paper. The device (active area:
3.2 mm X 3.2 mm) was completed by thermal evaporation of the Au
electrode (100 nm thickness) on top. For the fabrication of the inverted-
structure solar cells, NiO, layers were deposited on the precleaned ITO-
coated glass substrates using the procedures described earlier. The
B-1-CsSnl; thin films were then deposited, followed by solution casting
of a 10 nm thick PCBM layer using a 20 mg mL™" solution of PCBM
in 1,2-dichlorobenzene. The spin coating condition used was 4000 rpm
for 60 s. A 100 nm Al electrode layer, instead of Au, was deposited to
complete the device.

The current density—voltage (J-V) of the solar cells were measured
using a Keithley 2400 sourcemeter under simulated AM1.5 illumination
(100 mW cm2) by a Xenon-lamp-based solar simulator (Solar Light
Co. Inc., USA). The light intensity was calibrated using a Si-reference
cell certified by the National Renewable Energy Laboratory, with the
mismatch factor less than 2%. A nonreflective mask was used for
defining the cell area (0.09 cm?). The EQE spectra were recorded with
an EQE measurement system (PVE 300, Bentham, UK) comprising a
Xenon lamp, a momochoromator, a chopper, a lock-in amplifier, and a
calibrated silicon photodetector.

DFT Modeling: First principles calculations were performed to
understand the structure of B-%CsSnl; These calculations were
performed using the projected augmented wave plane-wave basis,
implemented in the Vienna ab initio simulation package.?*! An energy
cutoff of 520 eV is employed and the atomic positions are optimized
using the conjugate gradient scheme without any symmetric restrictions
until the maximum force on each of them is less than 0.02 eV A
The perfect B-3-CsSnl; was modeled with 4 x 4 x 4 grid for the k-point
sampling. The B-}-CsSnl; with certain Sn-vacancies was considered with
a large super cell, which included a total of 320 atoms. These models
containing different Sn-vacancies concentration were modeled with only
TI" point for the k-point sampling. The generalized gradient approximation
exchange-correlation DFT functional Perdew—Burke—Ernzerhof (PBE) with
DFT-D3, which includes the dispersion interaction, was employed for
the geometrical optimization. The electronic-structure calculations were
performed using the PBE functional. Based on the optimized geometries,
the XRD was calculated by Reflex module implements in Material Studio.

Self-Consistent Device Simulation: The device physics of the best-
performing B-y-CsSnls;-based PSCs was studied numerically using a
commercial simulation package of APSYS. APSYS is able to solve the
Poisson’s equations, drift-diffusion equations, and the continuity
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equations with proper boundary conditions and material parameters
set by the user. The Poisson’s equations solved in the simulator are as
follows

(Vv)——( n+p+Nj—Nz)

where V is the potential distribution within each semiconductor
layer, and n, p, Np*, and N,~ denote the electron concentration, hole
concentration, ionized donor concentration, and the ionized acceptor
concentration, respectively. The relationship between the current density
and the applied voltage is calculated using the following equations

Jo=q-U,-n-E+e-D,-Vn
Jp:q‘.up'p‘E*'e‘Dp‘Vp

where, J, and J, represent the spatial electron current density and the
hole current density, respectively. We use i, and p, to account for the
electron mobility and the hole mobility, respectively, while E represents
the applied electric field. D, and D, stand for the diffusion constants for
electrons and hole, respectively, and they can be calculated according to
the well-known Einstein relationship. The current continuity equations
employed in this simulator are as follows

i 9 )
~SRY <Ry~ Ruy # Gopr(t)= I, Y0
j 9P
V. jp+ZR +Rop +Ray = Gopi (£) = =30+ Na =34
where the electron (n) and hole (p) recombination rate is achieved
through the jy, deep trap, which are shown by YRY and YRI.

J )
However, in order to simplify the calculations, we treat the deep trap-
caused recombination rate by setting a recombination lifetime, such
that ZR‘J—M and ZR‘/——”“ in which 7, and 1, are the trap-

caused recombination ||fet|mes for electrons and holes, respectively.
Rs, and R,, denote the spontaneous recombination rate and Auger
recombination rate. Goy(t) represents the carrier generation rate caused
by the external influence such as the optical excitation with high energy
photons. Here, fy and fy mean the occupancy of the donor and acceptor
levels, respectively with Np and N, denoting the donor and acceptor
concentration, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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